Electromagnetic Interference And Compatibility Studies In A Gas Insulated Substation During Switching Operations by Rao, M Mohana
ABSTRACT 
Gas Insulated Substations (GIs) are based on the concept of complete encapsulation of 
all the high voltage energised parts in a grounded enclosure and compressed SF6 gas is used 
as the insulating medium between the two. In such gas insulated substations, Very Fast 
Transient Overvoltages (VFTOs) are generated due to switching operations of a Circuit 
Breaker (CB) or a Disconnector Switch (DS). These transient overvoltages and the associated 
Very Fast Transient Currents (VFTC) have rise times in the order of 4 ns and above. The peak 
magnitude of the transient current could be about a few kA depending on the location of the 
switch operated, the substation layout and the distance of the observation point from the 
switch. The transient voltages / currents radiate electromagnetic (EM) fields during their 
propagation along the gas insulated bus as the associated fi-equencies are in the range of a few 
MHz to about a few hundreds of MHz. The transient fields due to these voltages/currents may 
leak into the external environment through the apertures like gas-to-air bushing, gas-to-cable 
termination, non-metallic flanges, non-metallic viewing ports etc. and may interfere with the 
nearby electronics. 
The protection of the control circuits against such induced transients is an important 
aspect for the reliable operation of a GIs. Malhctioning of primary/secondary equipments 
have been reported by GIs community during switching operations in substations due to the 
induced transient voltages in the control circuitry. Thus, characterisation and quantification of 
transient EM fields or transient electromagnetic interference (EMI) in a GIs during switching 
events become necessary for the appropriate Electromagnetic Compatibility (EMC) design of 
the sensitive control devices used in such substations. Since the transient voltages on control 
circuitry depend on the nature of the transient EM fields, it becomes necessary to estimate the 
magnitude and wave shape of the VFTC along with its frequency spectrum. Moreover, 
knowledge of the VFTC characteristics would be required in the theoretical study of the EM 
field coupling as well as shielding of the sensitive embedded circuits used in the modern GIs. 
In view of the above, a 245 kV Gas Insulated Substation has been considered for 
characterising the VFTC and the transient EM fields. The most onerous condition during a 
switching operation is given for a voltage collapse of 2 p.u., i.e., 1 p.u. at the source side and 
-1 p.u. at the load side of the switch and this has been simulated in the present study. 
The configurations like small length of the bus section, high capacitance terminal 
components, multiple branches of the bus section on sourcelload side of the switch etc. are 
considered for the study. The peak magnitude of the transient currents at different locations 
and their attenuation with time/distance are calculated for various switching configurations. 
The amplitude and waveforms of the transient currents have been estimated using the 
Electromagnetic Transient Program (EMTP). From the time-domain current waveforms, 
the frequency spectra have been calculated using the Fast Fourier Transform (FFT) 
technique. The peak magnitude of the VFTC occurs at or near the switch operated and 
generally decreases with increase of distance from the switch in either direction. For the 
245 kV GIs, the peak magnitude of the transient currents at or near the switch operated is in 
the range of 10 kA and the associated dominant frequency components are possible in the 
order of 270 MHz. The peak magnitude of the transient current at the GIs-bushing junction 
for the 245 kV GIs configuration studied is about 1 kA. In special situations like switching of 
small length of the bus section with the switch located at a few meters distance from the gas- 
to-air bushing, the peak magnitude of the current is about 2 kA and the dominant frequency 
content is of the order of 150 MHz. Switching on or off of a smaller length of the bus section 
generate relatively lower transient current with very high frequency content and switching on 
or off of high capacitance components generate higher transient currents with lower frequency 
content, which are limited to about 95 MHz. The variation in the frequency spectrum of the 
VFTC with distance from the switch operated has been analysed for different switching 
configurations and substation layouts. 
The frequency spectrum of the transient currents gives dominant frequencies but does 
not provide any inference on the contribution of each frequency component to the peak value 
of the VFTC waveform. Since the induced transient voltages in control and protection circuits 
are highly sensitive to the frequency content of the VFTC, it also becomes necessary to 
calculate the time varying transient current waveforms for different frequencies associated 
with the VFTC waveform. The transient current chart also provides the critical frequency 
components responsible for the transient voltageslcurrents in the secondary equipment present 
within the GIs. Keeping this in view, a model based on Gabor wavelet technique has been 
developed to evaluate the time-frequency spectrurn of the VFTC waveform generated during 
switching operations. The model has been validated by evaluating the time varying transient 
waveforms at different frequencies associated with an arbitrary transient signal. Using these 
results as a basis, the time-frequency spectrum of the VFTC signals obtained at different 
locations of a 245 kV GIs during various switching operations are evaluated. The validity of 
wavelet model is confirmed by summing up the transient current waveforms at different 
frequencies i.e., the reconstructed VFTC waveform. and compared with the original VFTC 
waveform. Both the waveforms are identical except that there is a slight reduction in peak 
amplitude (i.e., less than 8%) of the reconstructed waveform. This may be due to those 
frequencies, which are inherent but neglected for the wavelet analysis and for the final 
summation. The transient current amplitude at the GIS-cable termination for the low 
frequency content i.e., less than 5 MHz is more or less the same as that at the switch being 
operated. The attenuation rate of the transient current amplitude with distance has been 
observed to be significant for the frequencies beyond 24.5 MHz. The transient current versus 
frequency charts at different observation points have also been developed for various 
switching configurations and substation layouts of the GIs. The transient current with 
frequency components in the range of 130-150 MHz and sometimes as high as 238 MHz 
through the CT couple to the control cables by means of either radiated EM fields or through 
the conducive coupling mechanism. The transient EM fields due to the VFTC with frequency 
components in the order of 300 MHz appearing at /near the switch mostly leak out of the GIs 
through non-metallic flanges and the viewing ports depending on their electrical dimensions. 
The transient electromagnetic field emission from the gas-to-air bushing through its 
composite insulator housing and from the gas insulated bus section through the non-metallic 
flange of the support insulator have been quantified for the VFTC generated during switching 
operations in a 245 kV GIs. For the computation of the EM fields, a numerical model has 
been developed using the Finite Difference Time Domain (FDTD) technique. In the present 
study, basic Yee algorithm of the FDTD technique is modified for modeling the slots like 
non-metallic flanges in a GIs. The radial E-field, axial E-field and the azimuthal H-fields 
have been calculated. The validity of the FDTD model is confirmed by comparing the 
computed EM fields with analytical solution (i.e., Magnetic vector potential approach) for an 
HT bus excited with a sinusoidal current source of an amplitude of 1 kA for a time duration of 
2 p at different frequencies associated with VFTC. The E and H field levels calculated using 
the analytical approach and the proposed FDTD model are well in agreement for the entire 
frequency range of the VFTC. The shielding effectiveness of the above GIs modules has been 
evaluated initially using a derivative Gaussian current source as well as a sinusoidal current 
source. The variation of EM field pattern along the axis of the bushingbus section at various 
radial distances are computed and the influence of the parameters like fiequency of the 
transient current and conductivity of the ground plane on the emission levels is analysed. The 
cut-off frequency and the transition frequency of the bushing and bus section models have 
been identified. The enhancement of transient EM field levels due to the presence of a 
metallic structure on the ground plane, which simulates a control cubicle or other grounded 
phases of the GIs modules has been analysed. Finally, the transient EM field emission levels 
from the gas-to-air bushing and the gas insulated bus section for the VFTC waveforms 
obtained during switching operations of the 245 kV GIs have been computed and the 
dominant frequency components are analysed. For the bushing installed on a metallic sheet at 
a height of 3 m from the ground plane supported by an insulating kiosk, radial and axial E- 
fields increase with increase of height above the ground plane. Radial and axial E-field levels 
computed at a radial distance of 2 m and just above the ground plane are 7.1 and 19.6 kV/m 
respectively. The radial and axial E-field levels computed with a metallic structure on the 
ground plane are found to have considerable enhancement. These field levels are 22 and 
53.4 kV/m respectively. The average E-field enhancement factor is about 2 to 4 depending on 
the observation point and the frequency content of the transient fields. The average 
enhancement factor for H-fields is well below 2. 
The shielding effectiveness of the bus section for transient fields increases with 
(a). increase of relative permitivity of the insulating material (b). decrease in width of the non- 
metallic flange (c). increase of slot depth and (d). increase in permeability of the bus section 
enclosure material. The slot formed by the metallic flanges of the bus section enclosure and 
the support insulator acts as a waveguide. For a bus section installed at a height of 3 m from 
the normal ground plane and the metallic strips are assumed at a distance span of 0.5 m from 
the middle of the bus section, it is seen that the EM field levels increase with increase of 
height above the ground plane. Radial and axial E-fields computed at a radial distance of 3 m 
located at the rniddle of the bus section and just above the ground plane are 22.5 and 27.6 
kV/m respectively. The radial and axial E-field levels computed with metallic structure on 
the ground plane are observed to have considerable enhancement. These field levels are 42 
and 34.3 kV/m respectively. The ground strips in actual GIS helps in limiting the radial E- 
field emission. The computation of EM field emission from different configurations of the 
GIs modules indicates that the attenuation of E-fields is possible from tens of kV/m (near the 
bus section) to a few kV/m within a few meters distance. 
By using these radiated EM fields obtained in a 245 kV GIs during switching 
operations, the transient induced voltages on the control cables and the control circuits of the 
instrument transformers have been calculated. In the first phase of the analysis, the frequency 
dependent transient current on the metallic sheath of the control cable and the induced 
voltages on the central conductor of the cable (due to transfer impedance) for different 
frequencies of the transient fields encountered during switching events in a GIs have been 
calculated. The effect of parameters like type of grounding of the control cable sheath 
(single-end grounding or both-end grounding), contribution of radial and axial components of 
the transient E-fields, frequency content of the transient E-fields, length of the control cable, 
height of the cable above the ground etc. on the induced currents / voltages of the control 
cable has been studied. In the second phase of the analysis, the transient voltages on the 
secondary circuit of the instrument transformers i-e., current transformer (CT) and potential 
transformer (PT) have been calculated for different frequencies of the transient fields. The 
parameters like attenuation of transient fields, LC loading of the control circuit and length of 
the control wiring has been considered to understand the variation in induced transient 
voltages. In the third and final phase of the analysis, the induced transient voltages in the 
control cable I control circuitry of the instrurnent transformer have been calculated for the 
transient EM fields obtained in a 245 kV GIs during a switching operation. The dominant 
frequency components of these induced voltages have been identified and reported. The 
transient voltages have also been calculated at various observation points due to EM field 
waveforms obtained from different configurations of the bushing and bus section. The 
variation in transient voltage levels and their frequency spectnun with length of the control 
circuit, LC loading, type of the control circuit (CT/PT) and attenuating fields have also been 
analysed in the study. Transient voltages in the PT control wiring increases with increase of 
length of the wiring. However, the increase in transient voltages on the CT control wiring 
with increase in length of the wiring is only marginal. The transient voltages at the cable load 
are possible in the order of few tens of volts and the transient voltages at the secondary circuit 
of the instrument transformers are in the order of a few kV depending on the type of load 
circuit. More clearly, the induced voltage at the control cable load is less than that at the 
secondary circuit of the instrument transformer. Similarly, the transient voltage at the 
terminals of the secondary circuit is more for potential transformer than for the current 
transformer. 
Finally, measurement of the radiated transient E-field fi-om a 245 kV rated GIs 
model during a simulated switching operation has been carried out by using a resonant 
dipole antenna and a D-dot sensor. The transient E-field signal is captured both in time and 
frequency scale using a high bandwidth CRO and a spectrum analyser respectively. The 
validity of the measurement on the model GIs with gas-to-air bushing is confirmed by 
comparing the frequency content of the time varying transient E-field signal obtained using a 
D-dot sensor with the frequency spectrum of the measurement obtained using a resonant 
dipole antenna as well as the computed E-fields. The frequency components of the E-fields 
measured using a D-dot sensor are observed to be dominant up to 45 MHz only and beyond 
that there is a significant reduction in the amplitude. 
